Robust Formulation for Optimizing Sustainable Ship Routing and Scheduling Problem by De A et al.
Robust Formulation for Optimizing Sustainable Ship Routing  
and Scheduling Problem  
 
Arijit De*, Anjali Awasthi**, Manoj Kumar Tiwari* 
*Department of Industrial and Systems Engineering,  
Indian Institute of Technology Kharagpur, Kharagpur 721 302,  
West Bengal, India (e-mail: arijit.de22@gmail.com) 
(e-mail: mkt09@hotmail.com) 
 
**CIISE – EV 6.221, Concordia University, Montreal, Canada 
(e-mail: anjali.awasthi@concordia.ca) 
 
Abstract: Increasing trade globally necessitates the requirement of developing effective heuristics to resolve the challenging 
ship routing and scheduling problem among multiple ports. The posing restrictions related to multiple time windows within a 
planning horizon, varying demand and supply at different ports increases the existing complexity. Here, sustainability issues 
associated with carbon emission is incorporated. Owing to the inherent complexity, the formulation developed moves towards 
a non-linear mixed integer programming model. The aforementioned problem assuming to be NP-Hard in nature and can be 
solved using an intelligent search heuristics named particle swarm optimization for composite particle (PSO-CP). 
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1. INTRODUCTION 
In the context of maritime transportation, researchers are 
showing tremendous interest in dealing with 
mathematically groomed model while capturing the 
complexities associated with ship routing. Ship routing 
generally involves decisions corresponding to varying 
demand and supply at different ports at different time 
period. Such problem aims to resolve the intricacies linked 
to meeting the demand of each product at given set of port 
in respective time period. Managing appropriate time 
window at the ports is another critical decision related to 
ship routing. Predominantly it is observed that either the 
ship arrives early at the ports or it departs very late owing 
to some additional port charges due to waiting or delay. 
There has been an increased interest in employing the 
possible measures available to reduce the time spent by 
each ship at port. For this purpose, all the port operations 
including loading/unloading of multiple products should 
specifically be carried out within certain specified time 
window. Ronen (2002) and Grønhaug et al. (2010) 
proposed models dealing with discrete time horizon in 
order to overcome to the complexities associated with 
supply and demand rates. They considered several real time 
constraints which captures the ship routing scenario in a 
realistic manner. Owing to the variability in demand and 
supply at ports in different time periods compels the 
problem to be even more complex. It can further get 
complicated when port operations are restricted at night and 
only day operation is permitted. In order to counter such 
situations, multiple time horizons with appropriate penalty 
cost are considered. Christiansen et al. (2013) considered 
penalties in the context of time window for dealing with a 
situation where ship may stay idle even after the end of the 
time window. Hence, an inconvenience cost similar to 
penalty is incurred while carrying out with the port 
operations outside the time window bounds.      
The main motive of a ship routing is to efficiently design 
routes and schedule for the number of vessel such that it 
can meet the demand and supply at respective ports. It 
should aim to utilise the capacities of ports, depots and 
vessels in an optimum manner within the given time 
window. Christiansen et. al (1999) considered a maritime 
routing problem dealing with the transportation of a single 
product via fleet of vessels between several ports. They 
formulated the model for minimizing the total 
transportation cost while designing the appropriate routes 
and schedules. There are several articles which have 
extensively dealt with maritime inventory routing problem. 
Al-khayyal and Hwang (2007) and Ronen (2002) presented 
their respective mathematical formulation for the multiple 
product case.  
Now a large amount of research articles deals with 
maritime transportation but only a handful of papers 
addresses the association between sustainability and ship 
routing and scheduling. Bahaug et. al (2009) stated that 
4100 fleets operate throughout the world, and out of which 
only 4% fleets are registered. Still it is observed that 70 
metric tons of fuel was consumed and 230 metric tons of 
CO2 emitted in 2007. According to International Chamber 
of Shipping (ICS 2009), short-sea shipping contributes 
about 25% of the overall greenhouse gas emissions in 
shipping industry. This necessitates effective measures for 
incorporating sustainability within ship routing in order to 
mitigate the carbon emission and fuel consumption. 
Though few authors have considered vessel speed 
optimization or slow steaming as an obvious strategy to 
lower carbon emissions and obtain more acceptable 
solution related to planning of ship routes. Ronen (1982) 
used this strategy to propose a relationship between fuel 
consumption (which is directly proportional to carbon 
emission) and vessel speed. It is observed that for certain 
minimum speed limit, fuel consumption per unit time can 
be considered to be a convex cubic function of vessel 
speed. Figure 1 illustrates the relation between fuel 
consumption and vessel speed.  
 
Figure 1: Depicting the association between fuel consumed 
and slow steaming. 
 
Andersson et al. (2014) considered this strategy and 
integrated vessel speed optimization into ship route 
planning and deployment. Corbett et al. (2009) presented a 
mathematical model for maximization of profit and 
substantially reduce environmental emission by considering 
slow steaming as an operational measure. Yao et al. (2012) 
developed a mathematical model capturing the intricacies 
of fuel consumption and vessel speed. The model aims to 
reduce the bunker fuel and minimizes the cost associated 
with ship route, service frequency and number of fleets 
deployed.  
The remaining of the paper is arranged in following 
manner. Section 2 deals with problem description. Section 
3 provides the mathematical model. Section 4 gives an 
elaborate idea about the solution approach. Particle Swarm 
Optimization - Composite Particle algorithm is employed 
to solve the aforementioned problem. Result and 
discussions are present in section 5. Conclusion and future 
scope of the research are given in section 6. At the end 
relevant references are mentioned.  
 
2. PROBLEM DESCRIPTION 
An inter-port distribution problem is considered for a given 
planning horizon. Generally in such a problem, the 
products are imported from one port and distributed to 
other port depending upon its requirement. All the ships 
have their individual initial port positions at the beginning 
of the period. The route of each vessel comprises of several 
loading and unloading ports. Inventory capacities of each 
product at each port are assumed beforehand. Figure 2 
shows an example of the network structure between 
different ports. It gives a generic idea of the ship routing 
problem between different ports in a given planning 
horizon. It presents an example of the port and time period 
network structure. The bold line in the figure depicts the 
possible route for a ship. Here, the vessel enters the 
structure at period = 1 by arriving at port u and later it 
moves to port v at time period = 2 and subsequently it 
completes its route leaves the system after time period = 4.  
Port operations involving loading and unloading of the 
products should be specifically be carried out during certain 
pre-defined time window. Operating time comprises of 
setup time and loading/unloading time. Port operations will 
always begin after the start of the time window. As a result, 
a vessel has to wait if it arrives much before the start of the 
time window. Moreover, there can be a situation when the 
vessel finishes its operation outside the time window. In 
order to tackle such situations penalty cost is imposed 
depending upon the duration of the vessel operated outside 
the time window. Figure 3 depicts the time window 
horizon. 
The aforementioned ship routing problem is integrated with 
vessel speed optimization for capturing the impact of 
carbon emission and fuel consumption. Two different types 
of fuels are considered over here. Marine Diesel Oil 
(MDO) is used, while the vessel operates at port and Heavy 
Fuel Oil (HFO) when it is at sea. 
Figure 2: Depicting the network structure for the ports in 
different time period. 
Different types of fuel consumed helps in reducing the 
carbon emission as well as overall fuel consumption. 
Emission coefficient is considered for predicting the 
amount of emission generated as well as fuel consumed. 
Bahaug et al. (2009) used emission coefficients of 3.082 
and 3.021 for MDO and HFO on the basis of IMO 2000 
report. For calculating the fuel cost it is necessary to 
assume appropriate fuel price coefficient which keeps 
fluctuating on the basis of the market change. Coefficients 
associated with fuel price are 586 USD/ton and 463.50 
USD/ton for HFO and MDO respectively. 
A Mixed Integer Non-Linear Programming (MINLP) 
model is developed that conceives a way of representing 
several complicating scenarios experienced in maritime 
transportation.   
 
Figure 3: Depicting the time window  
 
It incorporates several real-time constraints such as varying 
supply and demand constraints, time window horizon 
constraints, ship routing constraints and carbon emission 
constraints. Owing to the inherent complexity, the 
aforementioned problem assumes to NP-Hard in nature. For 
solving purpose, an intelligent search heuristics named 
Particle Swarm Optimization – Composite Particle is used.    
 
3. MATHEMATICAL MODEL 
MINLP model developed captures different interactive and 
dependent variables and alongside conceiving several real-
time constraints. Assumptions of the model are: time 
horizon considered is discretized to steps of equal 
intervals/periods. Initial storage capacities at each port for 
each product are assumed beforehand.  The demand for 
each product is considered deterministic. Finally, the 
mathematical formulation is presented below. 
Indices 
f  Ships  
,u v  Ports 
fu  Initial port position of ship 𝑢  
d  Products  
,t s  Time period 
 
Sets 
F  Set of all the vessels 
U  Set of loading and discharging ports 
D  Set of all the products 
T  Set of time periods   
 
Parameters 
uvH  Distance between port 𝑢 and port 𝑣 
utdV  Demand of product 𝑑 at port 𝑢 in period 𝑡 
f  Overall capacity of ship 𝑓 
ud  Capacity of the depot at port 𝑣 for product 𝑑 
fdQ  Amount of product 𝑑 available on vessel 𝑓 at the 
start of the time horizon 
𝐶𝑢𝑣𝑓 Transportation cost while sailing from port 𝑢 to 
port 𝑣 for each vessel 𝑓 
W
udC  Fixed cost for loading/unloading operation at port 
𝑢 of each product 𝑑 
P
udC  Penalty cost, per hour in port 𝑢 for the amount of 
time operated outside the time window in period 𝑡 
ud  = 1, when port 𝑢 supplies product 𝑑, 
= -1, when port 𝑢 has a demand of product 𝑑, or 0 
otherwise 
  Constant, having a value of 2.07 x 10-7 
f  Maximum carbon emission permitted for ship 𝑓 
f  Maximum fuel consumed for ship 𝑓 
f  Maximum amount that can be spent on fuel cost 
for each ship 𝑓 
ufR  Fuel consumption for ship 𝑓 at port 𝑢 
A
utP  Beginning of the time window horizon at port 𝑢 in 
period 𝑡 
B
utP  Ending of time window horizon at port 𝑢 in period 
𝑡 
L
utP  Time required at port 𝑢 for loading/unloading of a 
single unit of product 𝑑 
ud  Required set up time for operating product 𝑑 at 
port 𝑢 
 
Decision Variables 
uvfY  Velocity of ship 𝑓 while travelling from port 𝑢 to 
port 𝑣. 𝑢, 𝑣 ∈ 𝑈, 𝑓 ∈ 𝐹 
utdS  
Stock for each product 𝑑 available at the end of 
time period 𝑡 at each port 𝑢 , 𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇, 𝑑 ∈ 𝐷 
utfdq  Total quantity of product d loaded/unloaded at 
port 𝑢 from vessel 𝑓 in period 𝑡,  𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇,
𝑓 ∈ 𝐹, 𝑑 ∈ 𝐷 
utfdI  Quantity of product 𝑑 on-board ship 𝑓 when 
departing from port 𝑢 after an operation that began 
in time   period 𝑡, 𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇, 𝑓 ∈ 𝐹, 𝑑 ∈ 𝐷 
ute  Starting time of loading/unloading operation at 
port 𝑢 in time period 𝑡, 𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇 
E
ute  Ending time of the loading/unloading operation in 
port 𝑢 that initiated during period 𝑡, 𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇 
ut  Total time operated outside defined time window 
of period 𝑡 at port 𝑢, 𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇 
utfz  = 1, if ship 𝑓 finally terminates its voyage at port 
𝑢  in time period 𝑡, 
= 0, otherwise, 𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇, 𝑓 ∈ 𝐹 
utvsfx  = 1, if ship 𝑓 began its operation in period 𝑡 at port 
𝑢 and then travels from port 𝑢 to port 𝑣 and 
initiates its operation at port 𝑣 in period 𝑠,  
= 0, otherwise;  𝑢, 𝑣 ∈ 𝑈, 𝑡, 𝑠 ∈ 𝑇, 𝑓 ∈ 𝐹. 
utfdO  = 1, if product 𝑑 is loaded/ unloaded at port 𝑢 
from ship 𝑓 in time period 𝑡, 
= 0, otherwise; 𝑢 ∈ 𝑈, 𝑡 ∈ 𝑇, 𝑓 ∈ 𝐹, 𝑑 ∈ 𝐷 
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Objective function is presented in equation (1) and 
comprises of transportation cost, setup cost and penalty 
cost.  
Constraints (2) – (6) represent the time window constraints. 
Constraints (2) provide the range for the time window 
horizon. Constraints (3) enforce a penalty value when time 
window horizon is violated. Constraint (4) ensures that a 
ship can start its operation only after the termination of the 
previous period operation. Constraint (5) makes sure that 
the ship will travel from one port to other only after the 
ending of operation at initial port. Constraint (6) clearly 
depicts the ending time of each operation depends upon 
loading/unloading time and setup time for all products. 
Constraints (7) - (11) represent the ship routing and 
scheduling constraints. Constraint (7) depicts only one 
vessel can operate in a given time period. Constraint (8) 
depicts that each vessel should always end its route at some 
port. Constraint (9) ensures that a port must belong                                    
to the route of the vessel if the vessel operates at that port 
during certain time period. Constraint (10) represents the 
flow conservation constraints for each time period and each 
port. Constraint (11) ensures either the vessel ends its route 
at the port or the vessel starts its route from the initial port 
to the next port. 
Constraint (12) – (14) represents the carbon emission 
related constraints. Constraint (12) keeps a check on the 
carbon emission for each ship. Constraint (13) imposes an 
upper limit on the total fuel cost for each ship. Constraint 
(14) ensures that fuel consumption for each vessel should 
remain within the limits of maximum consumption.  
Constraints (15) – (19) represent the varying supply and 
demand constraints. Constraint (15) ensures that the 
quantity of product on-board while the vessel departs from 
port v is equal to the quantity on-board while departing 
from port u plus/minus quantity loaded /unloaded at port v. 
Constraint (16) imposes an upper limit on the quantity 
carried by the vessel. Constraint (17) depicts a situation 
where if there is any operation at the port, then the quantity 
loaded/unloaded will be greater than zero. Constraint (18) 
represents the storage capacity constraints for each product 
at each port. Constraint (19) ensures demand for each 
product should be satisfied at each port. Equation (20), (21) 
and (22) represents the binary variables and equation (23), 
(24), (25) and (26) represents the continuous variables with 
non-negativity constraints. 
 
4. SOLUTION APPROACH 
The MINLP model described above is solved using Particle 
Swarm Optimization of Composite Particle (PSO-CP). Liu 
et. al (2010) takes inspiration from the phenomenon of 
interaction of elementary particles in each composite 
particle through VAR (velocity-anisotropic reflection) 
scheme. The algorithm uses a principle named “concerted 
action” for retrieving valuable information for finding 
better optima in search space. The innovative qualities of 
the algorithm such as construction of composite particle, 
scattering and VAR operation are adopted to tackle the 
aforementioned sustainable ship routing and scheduling 
problem.   
Construction of composite particle is done by considering 
the particle having the worst fitness value from the list of 
all particles sorted in the order of increasing fitness value. 
Two other particles are considered having fitness closest to 
the particle initially selected. The algorithm incorporates 
the scattering operation policy for moving the fittest 
elementary particle to a better promising direction.  
The algorithm adopts the scattering operation policy in 
order to move the fittest elementary particle to a promising 
direction. The scattering operation is triggered when the 
euclidean distance between the worst particle and 
furthermost particle is less than a threshold limit.  
VAR scheme incorporated in the algorithm helps to replace 
the particle with worst fitness value with an additional 
reflection point in the direction of more acceptable and 
fitter search space.  
 
Figure 4: Schematic representation of the swarm structure 
 
The algorithm starts with random initialization of the 
swarm on the basis of position modulation function (which 
ensures all the variables lie within certain range). Figure 4 
depicts the swarm representation on the basis of an 
example considering 3 ports, 3 time periods per planning 
horizon, 2 ships and 2 products. At the end of each 
iteration, local best particle, global best particle, position 
and velocity of each particle are updated. Eventually the 
algorithm arrives to a near optimal solution when the 
termination criteria are met.  
 
5. RESULT and DISCUSSION 
 
Results obtained by solving the aforementioned MINLP 
model using PSO-CP are summarised in this section. A 
small size numerical example is considered for illustrating 
the proposed model. 3 ports, 3 time period per planning 
horizon, 2 ships and 2 different products are considered as 
an example. 
All the experiments are conducted in a machine having 
MATLAB R2014a installed and having Intel® Core™ i3 
processor, 2.10 GHz CPU with 4GB RAM. Three instances 
are considered by varying the demand and supply ports 
represented in table 1. 
Each instance is solved using PSO-CP as well as basic PSO 
for validating the superiority of PSO-CP algorithm. Table 2 
shows the solution obtained by PSO-CP and basic PSO. 
 
Table 1 : Description of all the 3 instances 
Description of instances 
(1 indicates delivery port, -1 indicates consumer 
port)  
Instance 
11  12  21  22  31  32  
1 1 -1 -1 1 -1 -1 
2 -1 1 -1 -1 1 -1 
3 1 -1 1 1 -1 -1 
Table 2: Solution obtained by using PSO-CP and PSO and 
percentage difference in the cost incurred 
 
Every instance is solved nearly 20 times using both the 
algorithms and average of 20 sample runs is considered as 
the respective optimal cost. Computational time is found in 
the same way. Final results for 3 instances are presented in 
table 2. The visual illustration of convergence for the first 
instance is shown in figure 5. Table 3 compares all the 
results obtained for 3 instances regarding the effect of 
inclusion of constraints related to carbon emission on the 
total cost incurred. 
 
 
Figure 5: Comparison between PSO-CP and PSO for 
instance 1 
 
Table 3: Effect of carbon emission related constraints for 
all the 3 instances 
 Total Cost 
(without 
considering 
carbon 
emission) 
Total cost 
considering 
carbon 
emission 
constraints 
% 
Contribution 
of carbon 
emission in 
Total Cost 
Instance 1 1.4320   x105 1.52610 x105 6.29% 
Instance 2 1.1376   x105 1.25220 x105 9.16% 
Instance 3 1.1288   x105 1.28280 x105 12.78% 
 
6. CONCLUSION 
In this paper, a ship routing and scheduling problem is 
formulated as a Mixed Integer Non-Linear Programming 
Model (MINLP) and solved using PSO-CP.  PSO-CP helps 
to easily escape from the local optimal solution and 
strongly achieve the near optimal solution consistently.  In 
future the constraints handling can done using relaxation 
methods and decomposition methods by considering 
suitable assumption to minimize computational 
intractability. Insights evolved out of this article would be 
much beneficial for port operations as well as of crew 
members. This solution would help the port authorities to 
readjust their schedule to route ships in such a fashion that 
it would not only minimize the cost but also carbon 
emission.  
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Using PSO-CP 
 
Using PSO 
 
 
% 
differ-
ence in 
cost  
Total 
Cost in 
USD 
 
Time of 
Comput
a-tion 
(Second
s) 
Total 
Cost 
in 
USD 
 
Time of 
Computa
ti-on 
(Seconds
) 
1 152880 387.813
4  
16815
0 
382.8986 9.9988 
2 125220 375.103
4 
14252
0 
380.2064 13.815
6 
3 128280 381.292
0 
14164
0 
365.4042 10.414
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